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Abstract.  Recent evidence that polyphosphoinositides 
regulate the function of the actin-modulating protein 
gelsolin in vitro raises the possibility that gelsolin in- 
teracts with cell membranes. This paper reports ultra- 
structural immunohistochemical data revealing that 
gelsolin molecules localize with plasma and intracellu- 
lar membranes, including rough endoplasmic reticu- 
lum, cortical vesicles and mitochondria of macro- 
phages, and blood platelets. Anti-gelsolin gold also 
labeled the surface and interior of secondary lyso- 
somes presumably representing plasma gelsolin in- 
gested by these cells from the lung surface by endocy- 
tosis.  Gelsolin molecules, visualized with colloidal 
gold in replicas of the cytoplasmic side of the 
substrate-adherent plasma membrane of mechanically 
unroofed and rapidly frozen and freeze-dried macro- 
phages, associated with the ends of short actin illa- 
ments sitting on the cytoplasmic membrane surface. A 
generalized distribution of gelsolin molecules in thin 
sections of resting platelets rapidly became peripheral, 
and plasmalemma association increased following 
thrombin stimulation. At later times the distribution 
reverted to the cytoplasmic distribution of resting cells. 
These findings provide the first evidence for gelsolin 
binding to actin filament ends in cells and indicate that 
gelsolin functions in both cytoplasmic and membrane 
domains. 
T 
hE  actin-associated  protein  gelsolin  extracts  easily 
from cell debris in aqueous homogenates,  and low 
concentrations (#M) of Ca  :+ activate gelsolin for bind- 
ing to actin (Yin and Stossel,  1979, 1980). Immunofluores- 
cence microscopy has revealed a diffuse distribution of gel- 
solin in the cell periphery (Yin et al.,  1981a; Carron et al., 
1986; Cooper et al., 1988). These data led to the conclusion 
that gelsolin is a "cytosoliC protein, a location appropriate 
for its actin nucleating, filament severing, and end-blocking 
functions to control cortical cytoplasmic actin assembly. The 
recent discovery, however, that polyphosphoinositides,  phos- 
phatidylinositol  monophosphate,  and  phosphatidylinositol 
4,5-bisphosphate  modulate the actin-binding,  filament-sev- 
ering, and end-binding functions of gelsolin in vitro (Janmey 
and Stossel, 1987; Janmey  et al., 1987) has therefore pointed 
to a greater complexity. If polyphosphoinositides  regulate 
gelsolin function in vivo, gelsolin must interact with mem- 
branes where these phospholipid molecules reside. We have, 
therefore, examined the distribution of gelsolin by immuno- 
electron microscopy  of  lung macrophages and of  platelets ac- 
tivated under the conditions  reported by Lind et al.  (1987) 
to elicit reversible complexing of gelsolin to actin. 
Materials and Methods 
Preparation of CeUs 
Platelets.  Nine volumes of normal human blood were drawn into 1 vol of 
Aster-Jandl anticoagulant, transferred to plastic centrifuge tube, and cen- 
trifuged at 200 g for 10 rain at 4°C. Platelets were isolated from the plasma 
layer by gel filtration through a Sepbarose 2B column equilibrated with 160 
mM NaCI, 2 mM MgCI2, 0.5 mM NazHPO4,  10 mM Hepes, and 10 mM 
glucose containing 3 mg/ml of BSA (RIA grade). 
Gel-filtered platelets were incubated for 60 min at 37°C to insure a resting 
state.  In electron micrographs, 89%  of the cells in the resting population 
were discoid in shape and lacked surface projections (n =  237).  To deter- 
mine the distribution of gold particles in resting cells only platelets discoid 
in electron micrographs were used (see below). Resting platelets were acti- 
vated by the addition of 1 U of thrombin per milliliter for the times of 15 
and 30 s, and 1, 5, and 20 rain. 90% of the cells treated with thrombin for 
15 s were activated as judged by the formation of pseudopodia (n =  260). 
Gold particles were qnantitated only in activated cells displaying pseudopo- 
dia or filapodia on their surfaces. These activation times were terminated 
by the immediate fixation of the cells (see below). 
Macrophages.  Lung macrophnges were obtained from rabbits injected 
2-3 wk previously with 1 ml of complete Freund's adjuvant by intratracheal 
lavage with 154 mM NaC1 (saline). Harvested cells were washed twice by 
centrifugation in saline and resuspended in Krebs-Ringer phosphate (KRP) l 
buffer lacking added calcium. A 10 % suspension (vol/vol) of macrophages 
in KRP was incubated for 15 min at 370C before fixation. 
Preparation of Cell Sections for the 
Electron Microscope 
Embedding and Sectioning of Cells. Resting and thrombin-activated plate- 
lets and macrophages were fixed by the addition of 10 vol of 1% glutaralde- 
hyde in 0.1 M cacodylate buffer,  pH 7.4 containing 5 mM CaCI2 for 1 h at 
room temperature. To form a tissue mass for embedding and sectioning the 
cells were sedimented into pellets while in fixative.  Cell pellets were de- 
1. Abbreviation used in this paper:  KRP, Krebs-Ringer phosphate. 
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The Journal  of Cell Biology,  Volume  108, February 1989 467--479  467 hydrated in ethanol, embedded in Lowicryl K4M, and sectioned with a dia- 
mond knife (Roth,  1982). 
Labeling of Sections with Protein A-Gold. Gold particles, 8 nm in di- 
ameter, were prepared with tannic acid according to the method of Slot and 
Geuze (1985). Gold particles were coated with Staphylococcus aureus-pro- 
tein A (Pharmacia Fine Chemicals, Piseataway, NJ) as described by Slot and 
Geuze  (1985).  Polyclonal  goat  afffinity-purified  anti-rabbit  macrophage 
actin-binding protein and antigelsolin IgG have been characterized previ- 
ously (Stendahl et al.,  1980;  Yin et al.,  1981a).  Affinity-purified rabbit 
anti-goat IgG was purchased from Cappel Laboratories (Malverne, PA). 
To label the sectioned cells with gold, cut sections were placed on the 
surface of 10-#1 drops of 15 #g/ml of antigelsolin or actin-binding protein 
IgG in PBS containing 1% BSA, pH 8.2 (PBS-BSA) and incubated for 16 h 
at 40C. Sections were washed thrice by transferring them to drops of PBS/ 
BSA for 5 min each. They were then transferred to 10-#1 drops of 10 #g/ml 
rabbit anti-goat IgG for 1 h, washed thrice again with PBS/BSA, and trans- 
ferred to a  10-#1 drop of PBS-BSA containing protein A-gold (dilution of 
1:70 of original stock). After the incubation with protein A-gold, the sec- 
tions were washed twice in PBS, thrice in distilled water, and stained with 
2 % uranyl acetate for 7 min followed by lead citrate for 1 min. Sections were 
viewed and photographed in a JEOL 1200-EX electron microscope at an 
accelerating voltage of 80 kV. 
Preparation of  Metal Replicas of  Membrane Fragments 
Adherence and Cleavage of Cells. Drops of a 2 % suspension of macro- 
phages in KRP were placed on glass coverslips 5 mm in diameter for 3 min. 
Nonadherent cells were washed off with KRP and the coverslips containing 
adherent ceils were incubated for 5 min at 37°C. The bathing KRP solution 
was replaced with 60 mM Pipes, 25 mM Hepes, 10 mM EGTA, and 2 mM 
MgC12, pH 6.9 (PHEM buffer of Schliwa and van Blerkom, 1981) and the 
exposed apical surface of cells cleaved from their substrate-adherent basal 
surface by adhering a polylysine-coated  coverslip to their apical surface and 
removing it. Coverslips containing membrane fragments (unroofed macro- 
phages) and associated cytoskeletal elements were then treated in one of the 
three following ways:  (a)  fixed by the addition of 1%  glutaraldehyde in 
PHEM buffer for 10 min at 37°C; (b) incubate~l with a drop of 2 mg/ml of 
skeletal myosin subfragment 1 for 5 min, then in PHEM buffer for 5 rain, 
and fixed in i% glutaraldehyde-0.2 % tannic acid, 10 mM sodium phosphate 
buffer, pH 7.4;  or (c) fixed with  1%  glutaraldehyde-PHEM for  10 rain, 
washed in PHEM buffer for 10 rain, washed for 2 min in PBS containing 
1 mg/ml of sodium borohydride, and then placed in PBS/BSA for 10 min 
in preparation for gold labeling. 
Gold Labeling of Cell Fragments. 8-nm gold particles prepared as de- 
scribed above were coated with rabbit anti-goat IgG as described previously 
(Hartwig and Shevlin,  1986).  Coverslips containing cell fragments were 
covered with 25 #1 of goat primary IgG in PBS/BSA buffer and ineuhated 
for 2 h at 370C. They were then washed with five changes of PBS/BSA solu- 
tion and covered with 25 #1 of rabbit anti-goat IgG-coated gold at a  1:20 
dilution of the stock and incubated for an additional 2 h at 37°C.  Unbound 
gold was removed using five wash cycles of PBS/BSA followed by three 
washes of PBS for 5 min each. Gold-labeled membranes were then fixed 
for 10 min at room temperature with 1% glutaraldehyde in 10 mM sodium 
phosphate buffer,  pH 7.0. 
Rapid-Freezing and Freeze-Drying. Fixed coverslips containing cell 
fragments were washed with three changes of distilled water.  They were 
then placed on the specimen mount of the rapid-freezing apparatus (Med- 
Vac, Inc, St. Louis, MO), the distilled water was replaced with 15% metha- 
nol, and frozen by slamming them into a liquid helium-cooled copper block 
as described by Heuser and Kirschner (1980).  Freezing tabs containing the 
frozen coverslips were transferred to a  liquid nitrogen-cooled stage of a 
Cressington CFE-50 freeze fracture apparatus, the stage temperature raised 
to  -80°C for 45 min, and then rotary coated with platinum at 25"C and 
carbon at 90°C.  Replicas were separated from the coverslip with 25% 
hydrofluoric acid, placed in bleach for 30 min, washed into distilled water, 
and then picked up on the surface of formvar-coated copper grids. Grids 
were made hydrophilic before use by glow discharge. Replicas were pho- 
tographed at  :t:10°C of.tilt at  100 kV in the electron microscope. 
Quantitation of Gold Label on Cell Sections. The distribution of gold 
particles was quantitated in different regions of cytoplasm. 
Platelets. Particles lying in six different intracellular zones of platelets 
were counted: (a) particles on the plasma membrane, including those falling 
within 10 nm of the membrane (the approximate diameter of a gold parti- 
cle); (b) all particles with a zone of cortical cytoplasm running 10-80 nm 
from the plasma membrane, excluding particles determined to be membrane 
associated; (c) all particles in a  zone of cytoplasm 81-160  nm from the 
plasma membrane; (d) particles in a zone starting 161 nm from the plasma 
membrane and ending 320 nm from the membrane; (e) particles in a zone 
321--480 nm from the plasma membrane; and (f) particles in a zone 481-640 
from the plasma membrane (cell center). Individual zones were defined by 
drawing a circumferential line at the respective distance from the plasma 
membrane that mimicked the contour of the membrane, i.e., for the mem- 
brane to 80 nm zone, a line 80 nm from the plasma membrane was traced 
by drawing along the membrane with a pen having an point width of 80 nm. 
A qualitative association of gold particles with internal cell membranes was 
apparent (see Results) but was not quantitated. Although these gold particles 
appear to be associated with the boundaries of intracellular granules and 
vesicles, their relationship to (distance from) the limiting membrane could 
not be established, e.g.,  there was only limited preservation of internal 
membranes in Lowicryl sections of cells fixed only with glutaraldehyde. 
Such particles were included, however, in the total number of gold within 
a defined zone. 
All gold particles within a defined zone of a cell were counted and the 
area of the zone determined by tracing its boundaries on the surface of a 
GTCO  digitizing pad.  Areas,  total  particles,  and  particles per /xm  2 of 
cytoplasm, as well as the number of gold particles associated with a length 
of membrane (per #m) were determined as previously described using a 
DEC  11/73 computer (Hartwig and Shevlin,  1986) and are expressed as 
mean +  SEM. Data means were compared using a two-tailed, unpaired t 
test. All gold particles within 35 cells were counted for resting cells and 
each time point after thrombin stimulation. The ratio of membrane bound 
to total  gold particles was determined in micrographs by counting mem- 
brane associated and total  gold in sections containing complete platelets. 
Cells were photographed at random in the electron microscope, 
Macrophages. The distribution of gold particles in sectioned macro- 
phages were determined in similar fashion to platelets. Gold falling within 
the following regions were quantitated: (a) membrane associated; (b) the 
most cortical 85 nm of cytoplasm; (c) an area near the cell center but not 
within nuclei; (d) nuclear; and (e) within lysosomes. Gold was quantified 
from 15 macrophage sections. 
Results 
Localization of Gelsolin and Actin-binding Protein 
in Macrophages 
Fig.  1 shows representative electron micrographs of Lowi- 
cryl-embedded  macrophages  labeled with  affinity-purified 
goat  anti-gelsolin  IgG,  rabbit  anti-goat  IgG,  and  protein 
A-coated 8-nm gold particles.  Antigelsolin gold label was 
observable  in several  compartments  of the cell.  Some ap- 
peared to reside within the expanse of cortical cytoplasm not 
obviously apposed to or within definable organelles. Others, 
often in aggregates, containing two to six particles, were also 
associated  with plasma membrane and intracellular mem- 
branes,  such  associations  being  defined  as  gold  particles 
residing <1 diam of membrane. Still others localized on rough 
endoplasmic reticulum inside secondary lysosomes (Nichols, 
1976)  often containing  lung surfactant and on the edges of 
mitochondria (Figs.  1 and 3). Very few gold particles were 
within the nucleus (Figs. 2 and 3). The central cytoplasm la- 
beled less than  the cell cortex.  No gold labeling  was ob- 
served when gelsolin-absorbed IgG or preimmune IgG was 
used as the primary IgG. 
The electron micrographs in Fig. 4 compare the pattern of 
gelsolin  labeling  with that of actin-binding  protein.  Anti- 
actin-binding protein label was visually more striking than 
gelsolin staining because it occurred in clusters containing 
five to eight gold particles, and the clusters concentrated in 
the most cortical zones of cytoplasm.  The predilection  of 
gold label for membranes  or the inside of lysosomes ob- 
served for gelsolin was not evident with actin-binding pro- 
tein staining.  Clusters of gold particles against actin-binding 
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bution of antigelsolin gold staining in macrophages. 
Glutaraldehyde-fixed  cells were embedded in l_x~vi- 
cryl  K4M,  sectioned,  and  sequentially  treated 
with goat antigelsolin IgG, rabbit anti-goat IgG, 
and  8-nm colloidal gold particles coated with S. 
aureus-protein A. Representative regions from the 
cortex of two macrophages are shown. The insets 
show  low  magnifications  indicating  the  cortical 
regions shown at higher magnification.  Gelsolin 
locates both in the cytoplasm and near the plasma 
membrane of these cells. In general, single or dou- 
ble gold particles are found in the cytoplasm. Gel- 
solin gold label near the membrane is in larger ag- 
gregates. Bars, 0.2 ~m; (inset)  2/~m. 
Figure 2. Distribution of gelsolin and actin-binding protein in mac- 
rophages.  Histogram quantitating  the distribution of gelsolin and 
actin-binding protein in macrophage sections. The concentration of 
gold  particles  was  determined  as  described  in  Materials  and 
Methods. These data are expressed as the mean +  SEM of gold par- 
ticles in the five zones from 30 cells,  m, gelsolin; m, actin-binding 
protein. 
protein have previously been observed in the cortical  actin 
network  of detergent-extracted  macrophages  (Hartwig  and 
Shevlin,  1986), and in the cytoplasm of thin-sectioned fibro- 
blasts  (Langanger et al.,  1984).  Actin-binding,  protein-ab- 
sorbed IgG did not label  with  gold. 
The distribution of gelsolin and actin-binding protein label 
in the sections was analyzed by morphometry (Fig.  2). This 
analysis  focussed  on  the  apportionment  of label  between 
plasma membrane and nonplasmalemmal localizations. This 
quantitative analysis demonstrated that antigelsolin label was 
1.75-fold more concentrated on membrane than in the most 
cortical  cytoplasm  (0-85-nm  zone  of cytoplasm)  whereas 
actin-binding protein label at the membrane and in the most 
cortical cytoplasm was equivalent: when the concentration of 
anti-actin-binding  protein  gold particles  on  the membrane 
was  compared  to  that  in  the  most  cortical  cytoplasm  no 
difference between the two was found (Fig.  2).  The concen- 
tration of anti-actin-binding protein label in the most cortical 
cytoplasm  (0-85-nm  zone),  however,  was  3.6-fold  greater 
than in the cell center.  A  3.9-fold-increase in the total con- 
centration of gold label for actin-binding protein in the most 
cortical cytoplasm relative to gelsolin may reflect both an in- 
creased concentration  of this  protein in the cell cortex and 
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the  center  of a  macrophage.  Gold  labeled  the  external  side  of 
mitochondria and the interior  of large  secondary lysosomes con- 
raining  ingested  lung surfactant.  Nuclear  staining  was  minimal. 
Bar, 0.2/~m. 
Figure 4. Comparison of the labeling pattern of actin-binding  pro- 
tein in macrophages with that of  gelsolin in Fig. 1. Macrophage sec- 
tions were stained with 8-nm immunogold as in Fig.  1 except that 
anti-actin-binding protein IgG was substituted for antigelsolin  IgG. 
Actin-binding  protein label was clustered  and concentrated within 
the cortical cytoplasm. Some gold label was found on cellular mem- 
branes  but it was not concentrated  relative  to its cytoplasmic con- 
centration (Fig.  2). 
the greater size and the extended nature of actin-binding pro- 
tein molecules. 
Membrane-associated Gelsolin Is Also Bound 
to Short Actin Filaments 
Mechanical cleavage opens cells by ripping off pieces of api- 
cal membrane and permits viewing of the cytoplasmic side 
of  the plasma membrane and specific labeling of intracellular 
structures.  A  network of filaments very similar in structure 
to the cortical networks revealed by detergent permeabiliza- 
tion (Hartwig and Shevlin,  1986) is visible at the edges of 
unroofed macrophages ripped open in the process of spread- 
ing on the surface of a  glass coverslip.  The filaments have 
10-nm diam and the beaded substructure of actin and acquire 
a  characteristic  fluted  appearance  (Heuser  and  Kirschner, 
1980; Hartwig and Shevlin, 1986) when reacted with myosin 
S1 (Fig. 5 b). The actin network extends from the upper edge 
of the cell, where the upper membrane was mechanically re- 
moved,  to  the  cytoplasmic  side  of the  substrate-adherent 
membrane (Fig. 5 a).  The more central regions of these un- 
Figure 5. Electron micrographs showing the organization of actin filaments on the cytoplasmic side of unroofed macrophages. Macrophages 
were unroofed by adhering and removing polylysine-coated coverslips  to their exposed surface as described in Materials  and Methods. 
(a) Representative  electron micrograph showing the organization of filaments on the cytoplasmic side of the adherent membrane.  Different 
regions of filament density are apparent: the cell  margins are densely covered with filaments  whereas more central regions have only a 
sparse  coating of filaments.  Points of filament  contact with plasma membrane can be observed both in the region where the membrane 
is adherent to the coverslip  and near the cell margins where the membrane has torn.  (b) Identification  of membrane-associated filaments 
as actin using myosin subfragment 1.  Actin filaments  appear as fluted cables  after treatment with  myosin SI and are replete  across the 
cytoplasmic side  of the membrane.  Many filaments  can be observed to intersect  the membrane. Bars,  (a)  1 tan; (b) 0.2 ~m. 
The Journal of Cell Biology, Volume 108, 1989  470 Hartwig ct al.  Interaction  of Gelsolin  with Plasma Membrane  471 Figure 6. Stereo-paired micrographs showing that gelsolin locates on the ends of short filaments and on the cytoplasmic membrane surface 
of mechanically opened macrophages. Gelsolin antigenic sites were visualized in the electron microscope by treatment with goat anti-gelso- 
lin IgG followed by 8-rim gold particles coated with rabbit anti-goat IgG. (a) Stereo-paired microgmphs showing the cytoplasmic side of 
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coating.  The  periphery  and  center  of  substrate-attached 
plasma membrane, therefore, differ in actin filament density. 
Figs. 6 and 7 show a comparison of staining by antigelsolin 
and anti-actin-binding protein in actin filament-rich mar- 
ginal and filament-poor central zones of unroofed macro- 
phages. Figs. 6 b and 7 a  show regions near the margin of 
unroofed cells with a thick three-dimensional actin filament 
network. Viewing in stereo reveals that gold label against 
gelsolin does not bind filaments in the network coating the 
membrane surface but rather binds at points where filaments 
extend from the network and approach the cytoplasmic side 
of the membrane. In many cases, the antigelsolin gold label 
aggregate into clusters or piles making the gold appear sepa- 
rate  from the  membrane.  Such  piles  may also  represent 
points where the plasma membrane enfolds to contact actin 
filaments. Since gelsolin does not, however,  label filaments 
within the three-dimensional network of unroofed cells, it 
must be binding to filament ends coming from the network 
that approach the cytoplasmic face of the plasma membrane 
(Fig. 6). Actin-binding protein staining, on the other hand, 
locates as previously reported (Hartwig and Shevlin, 1986) 
almost exclusively within the network, at points of filament 
intersection and only rarely at the ends of filaments contact- 
ing membrane (Fig. 7). The binding of gelsolin but not actin- 
binding protein to filament ends on short filaments lying par- 
allel to the membrane is most clearly demonstrated in Figs. 
6 a  and 7 b which show central regions of the cytoplasmic 
side of membrane that contain only a sparse actin filament 
covering. As shown in Fig. 6, gold particles identifying gel- 
solin antigenic sites locate at the ends of many short actin 
filaments. Binding of gold particles is limited to one end of 
each filament: gold decorates either the end of the filament 
that attached to the membrane or its unattached end, but 
never the two ends of  the same filament. Gold particles bind- 
ing to bare regions of the cytoplasmic surface membrane 
were occasionally observed although gold associated with 
filament ends was much more common. Antigelsolin gold 
also coated the surface of some internal cell membranes such 
as rough endoplasmic reticulum and vesicles lying on the 
substrate adherent cell surface. It also stains the ends of ac- 
tin filaments attaching to them (data not shown) as expected 
from gold-stained sections of macrophages. As shown in Fig. 
7 b, gold directed against actin-binding protein did not bind 
regions of adherent membrane containing sparse filaments. 
Intracellular Distribution of Gelsolin in Resting, 
Activated, and Postactivated Platelets 
Fig. 8 (a-d) compares the intracellular distribution of gelso- 
lin in electron micrographs of sections of resting platelets 
(Fig. 8 a) or of platelets that have been reacted with 1 U/ml 
of  thrombin of  various times (Fig. 8, b-d). The discoid shape 
of gel-filtered platelets untreated by thrombin confirmed that 
these cells were unactivated (Fig. 8 a) and 89 % of the plate- 
lets retained their discoid shape in these thin sections. Like- 
wise, the formation of pseudopods and filopods in throm- 
bin-treated cells were consistent with the conclusion that 
thrombin had a stimulating effect (Fig. 8, b-d) and 90% of 
cells showed protrusions after thrombin treatment for 15 s. 
In resting cells, antigelsolin label, generally in small aggre- 
gates of  two to three gold particles, was dispersed throughout 
the cytoplasm. It was excluded from the marginal microtu- 
bule band and from the bulk of intracellular granules. The 
exception was a population of densely staining bodies that la- 
beled (Fig. 8, a-c). As amplified below, some of these may 
correspond to mitochondria (Fig. 8, b-d). After activation 
of platelets,  antigelsolin label  increased in concentration, 
was clustered into larger aggregates of particles, and became 
more peripheral and membrane associated (Fig. 8, b-d). Mi- 
tochondria also labeled with gold on their surfaces (Fig. 8, 
b and d). 
Fig. 10 summarizes a morphometric analysis of  gold label- 
ing. Two major changes in the pattern of immunogold label- 
ing against gelsolin are apparent when platelets were acti- 
vated. First, the number of gold particles bound increased 
more than twofold in activated relative to resting cells; there 
was a marked increase in the total number of gold particles 
in all zones of cells treated with thrombin for 15 s and 1 min 
(Figs. 10 A and 11 A) relative to cells at rest. The increased 
gold labeling at 15 s was statistically significant (p x< 0.001). 
The label density, however, returned to resting levels after 5 
min of thrombin treatment, indicating that the increase in 
gold density at the early times of activation was related to 
cell activation. Second, after normalizing for the increased 
gold number in stimulated cells there was a shift in the distri- 
bution of gold to the membrane during cell activation (Figs. 
10 Cand 11 B). The percent of the total antigelsolin gold as- 
sociated with the membrane of resting and cells treated with 
thrombin for 15 and 60 s was 4.0, 6.5, and 6.3 %, respectively 
(Fig.  11  B).  Membrane-associated gold (percent of total) 
label against gelsolin, therefore, increased by 58-63 %, 15- 
60 s after thrombin stimulation. This net increase in mem- 
brane-gold reversed after longer incubations with thrombin 
(Fig.  11 B). This decrease in membrane-gold after prolonged 
exposure to thrombin correlated with the loss of many sur- 
face extensions from the platelets (Fig. 8 d). 
Fig. 9  shows electron micrographs of sections cut from 
these  same platelet-containing blocks  but reacted against 
anti-actin-binding protein IgG instead of antigelsolin IgG. 
As observed in macrophages, anti-actin-binding protein la- 
bel was more clustered and peripheral than gelsolin label and 
many of the gold clusters were periodically bound just be- 
neath the plasma membrane (Fig. 9 a). There was little stain- 
ing of intracellular granules. After activation, the staining 
pattern at the membrane did not change although there was 
a movement of actin-binding protein from the cell center to 
the cortical cytoplasm (Fig. 9, b-d). 
These impressions were quantified by morphometry. Figs. 
10, B and D, and 11 show that the distribution ofimmunogold 
macrophage membrane covered with a thick actin network. Gold particles, when viewed in stereo, locate  preferentially at the filament- 
membrane interface, at points where individual filaments intersect the cytoplasmic  side of the membrane (white  arrows). (b) Stereo-paired 
micrographs showing a more central region from an unroofed macrophage. This region has only a sparse filament coat. Gold particles 
are selectively  bound on the ends of short filaments (white  arrows)  that attach to the membrane. Occasionally gold aggregates also decorate 
bare membrane. Bar, 0.1 /~m. 
Hartwig et al. Interaction of Gelsolin with Plasma Membrane  473 F/gu~e 7  Localization of actin-binding protein within the filament networks covering the adherent membrane from mechanically unroofed 
nmcrophnges. (a) Stereo-paired  electron micrographs showing the distribution of actin-binding protein in a filament-rich region on the cyto- 
Idasmic side of an unroofed cell. Gold particles bind within the filament network, at points of filament-filament intersections. They are 
The Journal ol~ Cell Biology,  Volume 10g, 1989  474 Figure 8. Immunogold localization of gelsolin in Lowicryl sections from resting and activated platelets. (a) Representative section through 
a resting platelet. (b) Platelet treated with thrombin for 15 s, then fixed. (c) Platelet treated with thrombin for 1 min, then fixed. (d) Platelet 
incubated with thrombin for 20 min. Bars, 0.2/zm. 
occasionally bound on the ends of filaments intersecting the membrane. (b) Stereo-paired micrographs from a filament-sparse region of 
an unroofed cell showing that anti-actin-binding protein gold label does not bind to filament ends intersecting the cytoplasmic side of the 
membrane. Bar, 0.1  ttm. 
Hartwig et al. Interaction of Gelsolin with Plasma Membrane  475 Figure 9. Localization of actin-binding protein in sections from resting and activated platelets. (a) Representative section through a resting 
platelet. (b) Platelet treated with thrombin for 15 s, then fixed. (c) Platelet treated with thrombin for 1 min, then fixed. (d) Platelet incubated 
with thrombin for 20 min.  Bars, 0.2  #m. 
reactive  with  actin-binding  protein  was  unchanged  at  the 
membrane when platelets were activated (Fig.  10, B and D): 
there was no significant alteration in the number of gold par- 
ticles  associated  with  membrane  between  0  and  1  min  of 
thrombin  treatment  (p  i> 0.82).  A  significant  shift in anti- 
actin-binding  protein gold into the most 160 nm of cortical 
cytoplasm  came  after  cell  stimulation  (p  ~  0.002).  This 
difference disappeared after 1 min of continued stimulation, 
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protein associated  with membranes.  Histograms comparing mem- 
brane-associated  gold label for gelsolin  against actin-binding  pro- 
tein in resting and activated platelets.  (A) Total number of gold par- 
ticles  within  10 nm of the plasma membrane and total  length  of 
plasma membrane in resting  and cells activated  for 0.25, 0.5,  1.0, 
5.0, and 20.0 min was determined.  Data is expressed as gold number 
per t.tm of  plasma membrane. (B) Data of  A expressed as a percent- 
age of total cellular gold at the membrane for resting and platelets 
activated for 15 s, 1, and 20 min. This normalizes for increased gold 
label  at  the  15-s  and  l-rain  time  points,  u,  gelsolin;  [],  actin- 
binding  protein. 
Figure 10. Effect of thrombin stimulation  on the distribution  of gel- 
solin and actin-binding  protein in platelets.  Histograms comparing 
the distribution  of  gelsolin to actin-binding  protein in the cytoplasm 
and on the membrane of resting  and thrombin-activated  platelets. 
(A and B) Gold concentration in various  regions  of the cell after 
antigelsolin  or anti-actin-binding protein  labeling  procedures, re- 
spectively. (C and D) Data from A and B when expressed  as a per- 
centage of total label in all cellular compartments. This compares 
gold label between the different regions of the cells but normalizes 
for the increased  antigelsolin  gold in the activated cells.  Total gold 
in sections through 100 platelets was analyzed to derive these data. 
The data  is expressed  as mean  ___ SEM. 
and the gold particle density//zm  2 failed to differ statistically 
from the resting cell values. The zones that describe the cell 
center did not acquire significant changes throughout cell ac- 
tivation. A population of gold bound near plasma membrane 
in both resting and activated cells.  The percent of the total 
membrane-associated  gold  directed  against  actin-binding 
protein in resting and cells stimulated with thrombin for 15 
and 60 s  was 8,  6, and 7.5%,  respectively (Fig.  11 B). 
Discussion 
This  study  presents  the  first  ultra-structural  evidence  for 
gelsolin binding to actin filaments  in cells  and  for the as- 
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membrane and other intracellular membranes including en- 
doplasmic reticulum, granules, and mitochondria. This lo- 
calization of gelsolin molecules with membranes was dem- 
onstrated in both sections of fixed macrophages and platelets 
embedded in Lowicryl and in metal replicas that reveal the 
exposed cytoplasmic surface of the substrate-adherent plas- 
ma membrane from mechanically unroofed macrophages. A 
membrane location for a population of gelsolin molecules 
has gone unrecognized because previous studies localizing 
gelsolin by fluorescence microscopy lacked sufficient resolu- 
tion to observe this interaction (Yin et al.,  1981a; Wang et 
al., 1984; Carron et al., 1986; Cooper et al., 1987, 1988). 
The report by Wang et al., (1984), however, did show gelso- 
lin to be enriched at adhesion plaques of transformed cells 
in culture, suggesting a possible membrane interaction. Pro- 
cedures used to extract cells such as detergent lysis and me- 
chanical homogenization may dissociate gelsolin from mem- 
branes. Our own efforts to detect gelsolin in macrophages 
permeabilized with detergent in EGTA-containing buffers 
have previously been unsuccessful. This failure to detect gel- 
solin after detergent treatment indicates that membrane com- 
ponents solubilized by detergent participate in forming the 
gelsolin-membrane binding site. In fact, the results may un- 
derestimate the extent to which gelsolin molecules associate 
weakly with intraeellular membranes since many membranes 
may not be well-defined in the thin sections and may be lost 
from the mechanically disrupted cells.  Fluorescence pho- 
tobleaching recovery analyses of gelsolin microinjected into 
cultured fibroblasts, however,  revealed that gelsolin is very 
mobile in the cell indicative of diffusion with the cytoplasm 
(Cooper et al., 1987, 1988). The demonstration of gelsolin's 
residence in both cytoplasmic and membrane domains of the 
cell therefore puts it into the family of previously described 
"amphitropic" proteins (Burn,  1988) such as the calpactins 
(Glenney, 1987) and protein kinase C (Nishizuka,  1986). 
Nature of the Interaction of Gelsolin with Membrane 
Gelsolin purifies from cell extracts either as free molecules 
or in complexes with actin (Kurth et al., 1983; Chaponnier 
et al., 1987; Kurth and Bryan, 1984; Lind et al., 1987), and 
it was important to determine whether membrane-associated 
gelsolin  bound  actin  filaments.  Gelsolin,  therefore,  was 
stained in mechanically unroofed macrophages. Since these 
cells were unroofed in physiological buffers containing 10 
mM EGTA, artifactual binding of free gelsolin to actin in 
these samples should have been minimal. Gelsolin located 
in the proximity of the ends of short actin filaments adherent 
to the cytoplasmic side of membranes from unroofed cells. 
Gold particles were either near the membrane-attached end 
of filaments passing out of the three-dimensional filament 
network or on the ends of individual short filaments lying on 
the cytoplasmic surface of the plasma membrane. Filaments 
labeled  with  gold  at  one  of their  ends  but  never  both. 
Whether these short actin filaments connect to the membrane 
by gelsolin or along their sides by other proteins (Wueste- 
hube and Luna, 1987) remains to be determined. Antigelso- 
lin IgGs bind only to the "barbed" end of  myosin S1 decorated 
gelsolin-capped actin filaments in vitro (Yin et al.,  1981b), 
which implies that the gelsolin and the membrane converge 
at the barbed actin filament end. The filaments are therefore 
positioned such that if  membrime polyphosphoinositides dis- 
sociate a gelsolin block at the barbed or fast-exchanging actin 
filament end, the fast-growing ends of actin filaments can 
serve as nuclei for actin monomers for promoting growth of 
the submembrane actin network in response to cell perturba- 
tion. The preponderance of label associating with actin fila- 
ments suggests  that the affinity of gelsolin-actin for poly- 
phosphoinositides may be greater than that of free gelsolin, 
although differences in reactivity of the antibodies could also 
be an explanation. Biochemical experiments will be required 
to decide this question. 
Gelsolin  staining  at  the  plasma  membrane  was  more 
clustered than in the cytoplasm. These larger gold clusters 
may correspond to aggregates of gelsolin molecules, either 
free or in association with actin filaments. In many cases, 
two or more filaments end near the same spot on the mem- 
brane and have ends that label with clustered gold particles. 
It is likely, therefore, that each end is capped by gelsolin and 
that the clusters observed in cell sections correspond to these 
multiple filament-membrane attachment sites. This localiza- 
tion of gelsolin on filament ends is the first demonstration 
that gelsolin binds to the ends of actin filaments in the cell. 
Antigelsolin staining also decorated the cytoplasmic sur- 
face of certain intracellular membranes, in particular, rough 
endoplasmic reticulum and mitochondria. In replicas, stain- 
ing of  both the limiting membrane of these structures and the 
ends of filaments attaching to them were observed. Staining 
of rough endoplasmic reticulum presumably reflects the lo- 
cation of newly synthesized gelsolin. The labeling of mito- 
chondria is surprising and may indicate that gelsolin plays a 
role in the intracellular movement of these organelles. The 
interior of secondary lysosomes in macrophages also stained. 
This staining may represent extracellular gelsolin that is in- 
ternalized together with lung surfactant (Nichols, 1976). Im- 
munogold labeling with antigelsolin IgG contrasts with that 
of anti-actin-binding protein IgG. Actin-binding protein is a 
large (540-kD) extended molecule that cross-links actin fila- 
ments into three-dimensional networks in vitro. As expected 
from earlier work with detergent-permeabilized cells (Hart- 
wig and Shevlin, 1986),  gold directed against actin-binding 
protein heavily labeled the cortical cytoplasm of macrophages 
in thin sections and located at filament intersections within 
the cortical actin network of unroofed macrophages. Anti- 
actin-binding protein staining did not, however, concentrate 
near the macrophage plasma membrane nearly to the extent 
as antigelsolin label and was only rarely found on points 
where filaments attached to macrophage membrane. The cy- 
toplasmic side of the plasma membrane in resting and acti- 
vated platelets did label to  some extent for actin-binding 
protein. This result is consistent with biochemical studies 
showing that 10% of total platelet actin-binding protein links 
the integral membrane glycoprotein lb  to actin filaments 
(Fox,  1985;  Okita et al.,  1985;  Ezzell et al.,  1988). 
Gelsolin Relocation during Platelet Activation 
Platelet stimulation with thrombin causes rapid actin assem- 
bly. Gelsolin, in glutaraldehyde-fixed cells, but not actin- 
binding protein,  moved to the plasma membrane shortly 
after platelets were activated by thrombin and returned to a 
cytoplasmic location at later times. The labeling of gelsolin, 
but not actin-binding protein, also increased twofold in acti- 
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a  conformational  change  in gelsolin  molecules  or the  ex- 
posure of domains previously hidden by binding to other pro- 
teins or lipids. 
The findings bear on the mechanism of gelsolin's action in 
agonist-stimulated cells.  It is widely believed that thrombin 
stimulation results in a rapid cleavage of platelet membrane 
phosphatidylinositol 4,5-bisphosphate into inositol 1,4,5-tri- 
phosphate and diacylglycerol  (Rittenhouse,  1983).  Soluble 
inositol  1,4,5-triphosphate,  in turn, mediates cytosolic cal- 
cium release (Berridge,  1984). Since the majority of gelsolin 
molecules  in  resting  platelets  are  not complexed  to  actin 
(Kurth and Bryan,  1984), cellular activation and elevation of 
cytosolic calcium concentrations t>0.1 #M would be expect- 
ed to activate gelsolin molecules to bind and form tight com- 
plexes with actin, a prediction verified experimentally (Kurth 
and Bryan,  1984; Lind et al.,  1987).  The present study has 
established that some of these complexes are gelsolin mole- 
cules  at the  ends of short actin filaments.  Such actin oli- 
gomers could diffuse to the plasma membrane and attach via 
the binding site for polyphosphoinositides on gelsolin mole- 
cules (Yin et al.,  1988) or to other integral membrane pro- 
teins that function in this capacity  (Wuestehube and Luna, 
1987). In this study, gelsolin moved to the platelet membrane 
within 15 s after treatment with thrombin. We did not, how- 
ever, look at earlier times after thrombin treatment to see if 
a more rapid redistribution of gelsolin occurred. This rapid 
movement of gelsolin to the membrane parallels changes in 
cell  shape,  the  formation  of gelsolin-actin  complexes  in 
these cells  (Lind et al.,  1987),  a fall and rise in phospha- 
tidylinositol  4,5-bisphosphate  concentration  (Rittenhouse, 
1983),  and rises  in cytosolic calcium after treatment with 
thrombin.  Since  our studies  were  on glutaraldehyde-fixed 
cells, however, which may not rapidly fix cells in the process 
of activating,  it is not possible to precisely  relate the time 
course of gelsolin movement to the release of these intracel- 
lular messengers.  The subsequent attachment of gelsolin to 
membrane  phosphatidylinositol  4,5-bisphosphate  regener- 
ated after its initial fall would, in turn, release gelsolin from 
the actin oligomers (Janmey et al.,  1987) explaining the dis- 
sociation  of tight actin-gelsolin  complexes  after  their  ac- 
cumulation  in  thrombin-stimulated  platelets  and  provide 
nuclei for rapid subsequent actin filament assembly. 
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